ABSTRACT Gain and bandwidth enhancement of low profile, linearly polarized square dense dielectric patch antennas using a frequency selective surface (FSS) superstrate layer is proposed. A high dense dielectric patch antenna is utilized as a radiating element instead of a metallic patch in order to gain several significant advantages, including low profile, wide bandwidth, and high radiation efficiency. The implemented antenna is excited by an aperture-coupled feeding technique. The antenna gain is enhanced by using a highly reflective FSS superstrate layer, realizing an antenna gain enhancement of 11 dBi. The implemented antenna acquired a measured gain of about 17.78 dBi at 28 GHz with a 9% bandwidth and radiation efficiency of 90%. The bandwidth of the proposed antenna is improved by using a unit cell printed on two sides, as it provides a positive phase gradient over the desired frequency range. The antenna impedance bandwidth is broadened and the measured impedance matching S11 exhibited a 15.54% instead of 9% bandwidth while maintaining a high-gain characteristic of about 15.4 dBi. The implemented antenna presents a solid radiation performance with good agreement between the measured and simulation results. For some attractive advantages such as low profile, low cost, lightweight, small size, and ease of implementation, the proposed antenna is a very good candidate for millimeter-wave wireless communications.
I. INTRODUCTION
Future wireless communication systems will need wider bandwidth, higher speeds, and low latency. The millimeter wave band has therefore been selected for its ability to provide all of the next generation's requirements. High-gain wideband antennas capable of working in the millimeterwave spectrum are also required [1] . Due to the high attenuation in the atmosphere and the low output power of millimeter-wave solid state sources, millimeter-wave applications require antennas with high gain in order to compensate for different losses [2] .
Dielectric resonators have been used as dielectric resonator antennas (DRAs) since the 1980s. Recently, a thin high dense dielectric (DD) patch with high permittivity was used to replace a metallic patch, thereby realizing some attractive characteristics including wide bandwidth and high radiation efficiency [3] - [6] . In [6] , a perforated superstrate was used to enhance the antenna gain as well as to improve the bandwidth. However, the antenna radiated elements were 2×2 DD patch arrays. In [7] , a highly reflective metamaterial surface was used as a superstrate over the antenna patch, with a gain of about 12.5 dBi, and 3 dB gain bandwidth of about 10%. The linearly polarized antennas reported in [8] and [9] offer low gain and they use bulky multi-FSS layers. In [10] , three layers of FSS superstrate were applied over a microstrip patch antenna in order to enhance the antenna performance, realizing an antenna gain of about 14.2 dBi with low radiation efficiency. A high-gain circularly polarized dielectric resonator antenna is reported in [11] . It uses an FSS superstrate to enhance the antenna gain, achieving a high gain of about 15.5 dBi.
An essential drawback of electromagnetic band gap (EBG) resonator antennas is the narrow frequency bandwidth due to their naturally narrowband resonant cavity [12] .
Several methods to improve the bandwidth have been published. A wide-band reconfigurable partially reflective surface (PRS) antenna was implemented in [13] to function throughout a broad frequency range. In [14] , the bandwidth of an EBG resonator antenna is improved up to 13.2 % by using a slot antenna array. However, the antenna structures and their fabrication in both [13] and [14] are complicated, which is not a good match with the simplicity of the EBG resonator antenna. Based on the analysis in [15] , a PRS with a reflection phase resembles the optimum phase where the reflection phase is proportional to the frequency can be used to produce a broadband EBG resonator cavity antenna. That finding led to PRSs with positive reflection phase gradients being implemented using two dielectric layers separated by an air gap to produce wideband EBG resonator antennas [16] . Another approach utilized a duallayer PRS to provide a positive phase gradient with a 2-D different FSS unit cell, the unit cell composed of two different FSSs [17] . However, the 3 dB gain bandwidth was 12.2 %.
In this work, a highly reflective FSS superstrate layer is placed above a square dense dielectric (DD) patch antenna to enhance the antenna gain. The metallic patch is replaced with a high dense dielectric patch with relative permittivity of 82. The high dense patch antenna is excited using a coupling slot etched off the common ground plane. A set of highly reflective unit cells is put over the DD patch as a superstrate layer to act as a lens to improve the antenna gain. Another set of 7×7 unit cells with the positive reflection phase (PRP) feature is also applied over the same DD patch antenna to broaden the antenna's bandwidth. The proposed antenna offers high gain, high radiation efficiency, and wide frequency bandwidth. The air gap between the square DD patch and the FSS layer with an identical set of FSS unit cells is optimized to enhance the antenna gain and to improve the antenna impedance matching. These presented antennas are a suitable candidate for 5G applications.
The paper is organized as follows. The antenna structure and the two unit cells are described next, in section II, followed by their performances indicated in both the measured and simulated results. The work is then summarized and concluded in section III.
II. ANTENNA DESIGN
The configuration of the DD patch antenna with the FSS superstrate is shown in Fig. 1 . The DD patch is designed on a Rogers RT/duroid 6002 (εr = 2.94 and tanδ = 0.0009) substrate. The bottom substrate is a Rogers RT 3010 (εr=10.2 and tanδ = 0.0023). Both substrates are the same thickness (h1 = h2). The slot, which is used to excite the DD patch, is etched in the ground plane of a microstrip line. A 50 microstrip line is printed on the bottom side of the bottom substrate with dimensions of Lf and Wf. An array of uniform 7×7 unit cells is implemented on the bottom side of the superstrate dielectric layer, a Rogers RT/duroid 5880 (εr = 2.2 and tanδ = 0.0009). The FSS superstrate is covered the DD patch antenna at an air gap height d. The optimized parameters are listed in Table 1 . 
A. HIGHLY REFLECTIVE UNIT CELL DESIGN
The implemented unit cell is designed and studied. The geometry of the FSS utilized as the superstrate layer is depicted in Fig. 2 . It is implemented on a Rogers RT/duroid 5880 (ε r = 2.2 and tanδ = 0.0009) with thickness h=0.787 mm. The final dimensions of the proposed unit cell are: a = 4 mm, Fig. 3 . These results indicate that the DD patch antenna gain can be enhanced if the FSS reflection magnitude increases to unity. Therefore, a flat reflection phase and high reflection magnitude are targeted for the FSS superstrate. The magnitude of the reflection coefficient | FSS | at (θ = 0) for a normal incident wave can be utilized to calculate the directivity D [18] : Equation (1) shows that the directivity increases significantly as magnitude of the reflection coefficient increases. Therefore, in order to achieve high gain performance, a high reflection magnitude should be achieved within the design frequency. The superstrate of a set of the highly reflective FSS unit cells acts as a lens, allowing a high reflection magnitude to be achieved inside the antenna's resonant cavity and thus a high gain for the antenna is obtained.
To validate the simulated results, a DD patch antenna with a highly reflective superstrate was fabricated and measured. The implemented antenna was studied and simulated using the CST full-wave electromagnetic simulation tool. Fig 4 shows the measured and the simulated return losses of the proposed antenna, with an impedance matching bandwidth of around 9%. It can be observed that there is a quite discrepancy between the measured and the simulated results, even though they do follow the same pattern. The relative permittivity for all dielectric layers are given at 10 GHz in the manufacture's data sheet. Accordingly, the value of εr is altered at the MMW bands, and may cause a shift in the design frequency [6] , [19] . High measured gain of about 17.78 dBi at 28 GHz, and radiation efficiency of almost 90 % are shown in Fig 5 . Fig. 6 shows the E-and H-plane simulated and measured radiation patterns of the proposed square DD patch antenna with highly reflective superstrate at 28 GHz and at 29 GHz, indicating that the antenna provides good radiation patterns and side lobe levels (SLLs). The SLLs are below −15 dB at 28 GHz (design frequency), and then increase a little bit as the frequency is increased. 
B. DESIGN OF UNIT CELL WITH POSITIVE PHASE GRADIENT
Since the DD patch antenna with a highly reflective FSS in part A provided only a 9 % bandwidth, a new unit cell is proposed to broaden the antenna bandwidth while keeping the high gain. This section presents the design procedure of a unit cell that provides a positive reflection phase gradient to be utilized as a superstrate of the high DD patch antenna. In general, a partially reflective surface (PRS) can be defined as the periodic arrays of metallic unit cells printed on either one or both sides of a dielectric material. The FSS superstrate is usually applied at a distance d of about half a wavelength (the air gap) above the antenna source; the high DD patch antenna in this design. Multiple reflections are generated between the PRS surface and the ground plane. These lead to constructive interference and enhance the gain of the antenna towards the broadside direction when the air gap between the FSS superstrate and the ground plane is equal to [17] :
where is the reflection phase of the PRS, λ is the free space wavelength, and N is the mode order. Equation (2) can be rewritten in the following form to give the optimum phase where the PRS and the ground plane are assumed to be infinite and the air gap distance d=5.7 mm:
Equation (3) reveals how a higher gain can be achieved by obtaining a positive reflection phase gradient in terms of the frequency over the entire desired operating frequency. Both of the unit cells are designed and simulated using the CST full-wave electromagnetic simulation tool. A unit cell boundary conditions are applied to the four side walls of a unit cell, as shown in Fig. 7(c) . Normal incidence is applied and the incident electric field is polarized along the direction of the bottom strip. In this part, the unit cell is designed to generate a positive phase gradient. To achieve this, a two-sided printed unit cell is designed, as shown in Fig 7. The bottom side of the unit cell is almost the same as that of the unit cell utilized in part A. The top part is the strip line designed to be parallel with the E-field to create a positive reflection phase gradient. The positive reflection phase unit cell is printed on a Rogers RT/duroid 5880 (εr = 2.2 and tanδ = 0.0009) substrate with a thickness of 0.31 mil. The unit cell has a periodicity of p = 3.78 mm. A full-wave electromagnetic simulation tool (CST Microwave Studio) was used to design the proposed unit cell. After optimization, the final dimensions of the two-sided printed unit cell are obtained as: a = 3.78 mm, b = 3.78 mm, h S = 0.787 mm, r 1 = 1.71 mm, r 2 = 0.85 mm, s = 0.69 mm, g = 0.27 mm, S w = 0.54 mm, S L = 3.15 mm for the bottom. Fig. 8 illustrates the phase and magnitude of the reflection coefficient of the unit cell when the plane wave is incident normally on the bottom side of the unit cell.
As shown in Fig. 8 , the proposed unit cell produces a phase that closely resembles the optimum phase in its positive gradient within the operating frequency. A parametric study was conducted to evaluate the effect of certain design parameters, such as S L and S w, on the unit cell performance. shifted toward lower frequencies as S L is increased, and vice versa. As S L increases, the reflection magnitude decreases, moving away from the designed frequency band. This results in a low gain antenna with a disrupted bandwidth, where high reflection magnitude with positive phase gradient is required to achieve a high gain antenna with wide bandwidth. The parameter S w has little impact on the unit cell's performance. To verify the simulated results, a square DD patch with an FSS superstrate based on the positive reflection phase gradient was fabricated and tested as depicted in Fig. 10 . The simulated and measured return losses of the proposed antenna are shown in Fig. 11 . They exhibit a 15.54 % wider bandwidth compared to the 9 % bandwidth for the DD patch with a highly reflective unit cell used in part A. The simulated and measured gain together with the simulated radiation efficiency of the proposed antenna are plotted in Fig 12. The results indicate that a good agreement between the measured and the simulated antenna gain was achieved. An almost 14 dBi gain was obtained over the operating band, where the maximum gain is about 15.4 dBi at 29 GHz. The simulated radiation efficiency of the antenna is about 90 % over the whole bandwidth. There are some antenna parameters that could affect the antenna performance, such as the air gap d. It is found that d has the significant effect on the antenna resonance, and less effect on the antenna gain. As d increases the resonance frequency is shifted down and vice versa. The E-field distribution of DD patch antenna with a positive phase gradient superstrate is illustrated in Fig. 13 . Fig. 14 shows the simulated and measured radiation patterns of the proposed square DD patch antenna with a positive phase gradient superstrate at 26, 27, 28, and 29 GHz. A good agreement is obtained between the measured and simulated results. Therefore, the side lobe levels can be assumed to be better (overall) at all frequencies within the antenna band, except for the E-plane at 29 GHz and 30 GHz (not shown here). These exceptions are due to the multiple reflections that become greater at higher frequencies. Table 2 compares the proposed designs to several published works, highlighting the improved performance of the proposed antenna. The proposed antenna provides a good performance in terms of gain and in 3 dB gain bandwidth compared to other relevant works.
III. CONCLUSION
A linearly polarized low-profile square dense dielectric (DD) patch antenna with gain and bandwidth enhancement using a frequency selective surface (FSS) superstrate layer is proposed. Two different FSS superstrates are utilized to enhance the gain and bandwidth. A superstrate of a set of highly reflective planar unit cells was designed and placed above the DD patch antenna by almost a half wavelength to enhance the antenna gain, realizing an enhancement of 11 dBi. The implemented antenna acquired a measured gain of about 17.78 dBi at 28 GHz with a 9 % bandwidth, and radiation efficiency of about 90 %. In addition, a superstrate layer of an array of reflection phase unit cells was designed to improve the bandwidth of the proposed antenna. Using this superstrate resulted in a 6 % enhancement of the antenna bandwidth with almost a 15.4 dBi gain. Simulated and measured results for S11 show a 15.54 % impedance matching bandwidth. 
